Introduction
In most cases, industrial robot systems work only with rigid objects; however manipulation of deformable linear objects (DLOs) such as hoses, wires or leaf springs is desirable, too. For example, the automotive industry must handle DLOs. In particular, the automated installation of cables and hoses in the motor compartment requires a concept for manipulating DLOs. Other application fields are hot wire maintenance or assembly of control cabinets. The main problem in handliig DLOs is coping with uncertainties. One particular problem is determining the exact shape of a DLO at the start of a manipulation process, sin= the-shape depends on the preceding manipulation steps. Also, due to manufacturing tolerances, the shape of each individual DLO may differ. .During the manipulation, the shape of the DLO changes due to gravity and contact forces. The prediction of such variations with sufficient precision is typically very difficult. The obvious approach is the use of sensors to compensate for these uncertainties.
Some such possibilities are use of a forceltorque s e m r [6] , or implementation of a vision system and forcdtorque sensor like Nakagaki et al [IO] . Both try to solve a special form of the "peg-in-hole" task and thus investigate the solution of clearly specified single tasks. How those special solutions can be applied to more general c m s remains upclear.
Much previous research bas been performed involving rigid work pieces. The main problem addressed was development of robust and flexible routines (s.&lls) for typical assembly or disassembly tasks. Hasegawa et al. [3] presented the skills "move-to-touch", 'kotate-to-level" and "rotate-to-insert" for handling rigid objects. Those skills encapsulate the programming-intensive sensor data processing and can be used for solving complex assembly or disassembly problems, l i e the disassembly of a valve For deformable lmear objects, a similar approach based on contact states was introduced by Henrich et al. Here, we propose to find the features most characteristic of transitions that are widely independent of the underlying low-level algorithms for image processing or object representation. Another objective is assigning the different transitions to classes and generating sensor driven routines for detecting such transitions.
In Section 2, we fvst describe previous work and OUT working aswbptions. Section 3 describes OUT basic approach for visual recognition of contact state hansitions. In each of the following sections (Section 4 through a), we inircduce one class of transitions and describe the characteristic features for each class. In 0-7803-7770-2/03/$17.00 02003 IEEE Section 7, we summarize the results and give an overview on the future work.
Previous Work
The work described here, depends heavily on the contact states for DLOs introduced in [4] and 1111, thus, the following is a summary of that research. Since a polyhedral environment is assumed in [4], only vertices, edges, and faces exist as geometric primitives. The DLO is modeled by two vertices with an edge between them. The resulting contact states are shown in Figure 1 .
A Figure 2 , with regard only to single contacts.
In addition to the assumptions mentioned above, such as a polyhedral environment and contact forces, we make some assumptions for the vision system. First, we restrict ourselves presently to elastic DLOs with emphasis on low elastic deformation (E+, E-classes in [4]). Highly elastic objects may oscillate after acceleration, but we assume here that objects will either not oscillate or that an active damping [IS] took place. After an initial acceleration, the acceleration of the gripper should be zero (linear motion) until the contact state transition takes. Further, the camera is placed at the optimal observation point for each transition and the environment is assumed to be static, so only the robot and the manipulated object move, and the other obstacles remain unchanged during the manipulation process. 
Basic Approach
One method for vision-based detection of contact state transitions is the use of an object recognition system and generation of a 3D model of the DLO and the environment. However, since computer vision is still much inferior to human vision, the development of a system for recognizing DLOs and calculation of a 3D model is still an expensive task, especially the calibration of the camera(s). Fortunately, the introduced approach does not require a precise model for DLOs due to abstracing from geometric details.
In Any algorithms developed must fulfill some requirements, an important one being reliability. A reliable algorithm must detect every transition and the contact states after the transition must be stable. In particular, we need a contact force to achieve a stable contact So, for rigid objects the transitions must be detected as fast as possible; otherwise the object or environment may suffer damage. In contrast, with a DLO, the transition must not be detected so quickly or an instable contact may be the result.
Instead of looking for features for every single contact state transition, similar transitions are grouped together in classes, with each class handled by one skill and its inversion. Since force-based transition detection uses one skill for every single transition, the following classification mainly deals with vision-based methods.
The next sections describe tbree classes of contact state transitions and the features for detecting them. The classes are similar but not identical to the three skills used by Hasegawa [3] for handling rigid objects, since here we regard deformable objects based on the state transitions shown in Figure 2 . While no set of transitions corresponds to his "rotate-to-insert" skill and the last class described here only applies to deformable objects, his 'hove-totouch" and "rotate-to-level" skills are almost identical to the first and second class described below.
Establishing and Releasing Contact
The move-to-touch skill is useful for handling deformable objects and is represented in Figure 2 by all edges from N to any other state. In conhast to Hasegawa [3] , we also introduce a "move-to-detach" skill. This skill is the inversion of the move-to-touch skill and is represented by any initiated transitions to N. Both skills belong to the establishing-and releasing-contact class.
Since we always assume a contact force for any existing contact, only motions leading to such a contact force are allowed. Two examples for allowed motions are given in Figure 4b and 46. The motions 4a and 4c we examples of establishing a contact without deformation of the work piece. Such motions are not allowed, since they do not lead to a contact force. The rest of the paper concentrates on translatoly motions like 4b, but the features described work also with rotatory motions like 4d. motion. This can be seen in Figure 5 , where two sequences of difference images are shown. Every sequence consists of four binary images; the brighter the DLO, the older the corresponding difference image. In both sequences, the DLO is moved in the vdirection until it hits an obstacle (box). In the left sequence, the tip of the DLO stops moving in the vdirection and starts moving in the negative udirection. If due to friction or the DLO's shape it does not move in the udirection, the v-direction motion will stop at the contact point, since the obstacle prevents further motion. Either stoppage of motion in the v-direction or additional motion in the u-direction will always occur. The right-hand sequence also shows this effect, whereby the marked part stops moving in the vdirection. Thus, the common feature is that part of the DLO stops moving in one direction as it hits an obstacle. This is the characteristic feature for all transitions from N to any other contact state, including all instable ones. This loss of motion may be detected by comparing successive difference images. The result of such a comparison of the last two images is shown at the bottom line of Figure 5 . The later an image is taken, the more the DLO has moved in the motion direction until the DLO hits the obstacle. We can then distinguish up to three areas a; af and on, In a' the DLO continues moving but in a' it remains at the same place, whereas in area U-, the DLO even moves backwards. The existence of an area a ' is equivalent to a stop in motion; thus, it appears in both examples.
The reverse transitions from any state to N can be detected in the same way, but the characteristics are
inverted. This means that we start with an an area and after the contact state transition, only the at area remains. Sequence of difference images for the transition N+V/F (a) and for N+E/Ep @); for better orientation the obstacle is also shown.
More difficult than detection of contact is the identification of the resulting contact state. Since ow basic approach uses difference images, the obstacles are invisible in the binary images. Additionally, it cannot be decided whether the obstacle is an edge or a face. The sequence in Figure 5b shows an N+E/Ep transition. An obstacle represented by the dotted line would produce the same sequence of images, but the transitions would be N+E/F. Since we cannot sense what geometric primitive the DLO is in contact with, we can only try to decide whether the edge or the vertex of the DLO is in contact. However, even this task is difficult since the deformation due to stopped motion may not appear at the tip even for a vertex contact ( Figure Sa) . But since the tip of the DLO stops moving in the motion direction for any vertex contact, this enables one to distinguish DLO vertex-h m edge-contacts. The deformation change depends on the motion. For example, the transition VIF+FJF can be made without further (visible) deformation of the work piece by using the contact p i n t as rotation centre. Translatory motions must deform the work piece, for this reason a rotate-tolevel motion cannot be substituted with a translatory motion for rigid objects.
The deformation offers a way to recognize such contact state changes, assuming a translatory motion. But the bending of the DLO may increase (Figure6b) or decrease (Figure 6a) , depending on the specific geometric situation. Although the shape changes heavily, it is difficult to determine the transition point, so additional features such as the length of the contact should be regarded. It is obvious that a point contact is smaller in length than a line contact, so this can easily be used as a feature. The examples in Figure 6 show two transitions h m a point to a line contact, whereby the contact length I, is drawn for every image. Another feature is the motion of the center of contact c,. This centre is unchanged as long as the work-piece is in the EJEp contact state (Figure 6a ) but after the transition to WF, it starts moving.
In the second sequence (Figure 6b) , the centre fM mnves to the left while the work piece is in VIF and after reaching E/F it moves back (c,). The reverse transitions E/F+V/F and uF+E/E, can be detected in the same way, but the characteristics must be inverted.
The deformation and the length of contact are quantitative features, since the features do not change their sign at the contact point. In contrary, the contact point motion is more a qualitative feature because the centre of contact either begins moving and stops after the transition or changes the direction of its motion. Thus, this feature is expected to be more resistant to noise, making it more reliable than others. The contact state validation here is as difficult as for the establishing and releasing contact class but as the transitions can be fully controlled, an additional validation is not really necessary.
Spontaneous Transitions
All transitions in the transition graph (Figure2) marked spontaneous and those leading from stable to instable states still remain to be classified. One way to detect such a transition is observing the contact point motion. If the DLO is dragged over an obstacle, the contact point always follows the surface of the obstacle as long as it is in contact. Since only a polyhedral environment is considered, the contact point always moves along a straight line (see Figure 7) . A transition from any stable contact state to another contact state via an instable oue causes a discontinuity. In Figure 7b , the face before and &er the V/E contact state must have different normal vectors, otherwise both faces are identical and there is no transition. In general, the orientation of the geometric primitives before and after the transition sequence must differ. Since the contact point must follow the surface, this change of orientation means the contact point now follows a straight line with a different direction vector than before.
In the second case, (Figure 'la) , the contact is released after the spontaneous transition, but this can be sensed with the features discussed in Section 4 or by observing the deformation of the DLO. The characteristic of spontaneous transitions is the release of stress. This makes such a Ixansition uncontrollable but also reduces bending of the work piece. The motion before the spontaneous transition may deform the DLO and may even reduce bending, but the transition itself at least causes an additional reduction, so there is always a discontinuity while observing the change of deformation.
In addition, usually straightening occurs rather quickly and initiated transitions cause continual (@bending, so fast changes are typical for spontaneous transitions.
A state validation is again difficult but at least it is possible to distinguish the transition leading to N from those leading to any other stable state. This is possible by examining features used to detect release of a contact.
Conclusions
We identified three classes in particular: one for establishing and releasing contact, one for changing from one stable contact state to any other state but N and one for the spontaneous transitions. For each class, some of what we believe to be characteristic features for visionbased detection are given. The listed features allow for recognition all transitions in Figure 2 but the transitions from any stable state (except N) to any instable state. For recognizing such transitions, the recognition of the environment is necessary. However, -the instability -of such contacts results in a spontaneous transition leading to a stable contact state. Since the detection of such spontaneous transitions is possible, recognition of the environment is not needed. But one disadvantage remains, since without recognition of the environment, we cannot identify the contact state after the transition. Only a weak estimation is possible without further activities such as probing or exploration motions. The advantage of. our approach is the simplicity; we foresee neither the need for calibrated cameras nor for a large, time consuming system for object recognition.
Remaining steps include development of some lowlevel image processing algorithms for extracting the described features from the sequence of difference respective binary images. Our focus here is again on simple, reliable and fast algorithms. The algorithm will be based on comparison of successive difference images like those shown in Figures 5 through 7 . The successive difference images will he merged as in these figures, but as every image is to be used, the sequence becomes much smoother than in the figures shown. The resulting image is a good basis for calculating optical flow [IS] , and the optical flow field is expected to be sufficient for detecting the described features.
It is obvious that for the recognition of any transition, the camera must be able to observe it. Therefore, the placement of the camera is another topic for future work. The image sequences shown in Figures 5 through 7 are taken from a side view. Indeed, an angle of 90 degrees between the camera axis and the plane spanned by the movement vector of the DLO and the normal vector of the obstacle's surface was used. But as we expect a fair amount of angular independence, an angle of perhaps 45 degrees should also work. However, there is a big difference between this side view and a top view. Since even for a human recognizing the cnntact state transitions based on a top view is very difficult, we do not expect any algorithm based on the features described above to function in this case.
In general, more thorough investigation of where we can or must place the camera is needed. In this context, we will also investigate the required lightning conditions.
